The effect of Mo and Si additions on the glass-forming ability (GFA) of Fe 77Àx Mo x Ga 3 P 10 C 4 B 4 Si 2 alloys was investigated. The addition of 2 at%Mo combined with 2 at%Si was found to be effective for the extension of the supercooled liquid region (ÁT x ) defined by the difference between glass transition temperature (T g ) and crystallization temperature (T x ). The ÁT x value is 33 K for the Fe 77 Ga 3 P 12 C 4 B 4 alloy, and increases to 60 K for the Fe 75 Mo 2 Ga 3 P 10 C 4 B 4 Si 2 glassy alloy. In addition, this glassy alloy exhibits a high reduced glass transition temperature (T g =T l ) of 0.6. The large ÁT x and high T g =T l enabled us to prepare the Fe 75 Mo 2 Ga 3 P 10 C 4 B 4 Si 2 bulk glassy alloy successfully with a diameter of 2 mm and high saturation magnetization (I s ) of 1.27 T. The Fe 75 Mo 2 Ga 3 P 10 C 4 B 4 Si 2 glassy alloy also exhibits good soft magnetic properties, i.e., high effective permeability at 1 kHz of 1:1 Â 10 4 and low coercive force of 5 A/m.
Introduction
Since the first finding of glass transition before crystallization in Fe-based amorphous alloys as well as successful synthesis of Fe-Al-Ga-P-C-B bulk glassy alloys (BGAs), 1, 2) a large number of Fe-based ferromagnetic BGAs have been developed for the applications as soft magnetic materials. [3] [4] [5] [6] [7] [8] [9] [10] However, it is always a discrepancy for increasing glass-forming ability (GFA) and saturation magnetization (I s ) at the same time, because additions of glassforming elements decrease Fe content, which results in the decrease of I s . Therefore, many Fe-based BGAs with large supercooled liquid region (ÁT x ) before crystallization defined by the difference between glass transition temperature (T g ) and crystallization temperature (T x ), exhibit low I s below 1 T, 3, [6] [7] [8] that needs to improve more when using as magnetic materials for most of the application fields. With the aim of synthesizing large size Fe-based BGAs with high I s , we developed Fe 65 Co 10 Ga 5 P 12 C 4 B 4 and Fe 77 Ga 3 P 9:5 -C 4 B 4 Si 2:5 BGAs which exhibit the high I s of 1.2 and 1.35 T, as well as large ÁT x of 45 and 50 K, respectively, 11, 12) that allowed us to synthesize Fe-based BGAs successfully with diameters up to 20 mm by the consolidation method utilizing significant viscous flowability in the supercooled liquid state. 13, 14) As the size is not enough yet for applications of the magnetic cores used for motor engine, etc., it is necessary to synthesize new Fe-based ferromagnetic BGAs with high I s , large GFA and large ÁT x which is need for crystallization suppression at powder sintering process.
Accordingly, exploring a new Fe-based glassy alloy system was carried out. As the addition of Mo is effective to enlarge the ÁT x , 15) and the addition of Si is effective on increasing the I s , 12) we examined the effects of the dissolutions of Mo and Si elements in the Fe-Ga-(P,C,B) alloy system with the aim of synthesizing new Fe-based BGAs with large ÁT x over 50 K and high I s of over 1.25 T. It has been pointed out for Fe 77 Ga 3 P 12Àx C 4 B 4 Si x glassy alloys, that crystallization takes place through a single exothermic stage as the Si content is below 2.5 at%, but the crystallization takes place through two exothermic stages when the Si content is over 2.5 at%, implying that the suprcooled liquid becomes unstable with an increase of Si content. 12, 16) Consequently, the content of Si was determined as 2 at% in this study. This paper intends to present a new Fe-based glassy alloy system Fe 77Àx Mo x Ga 3 P 10 C 4 B 4 Si 2 exhibiting large ÁT x over 50 K and high I s over 1.25 T, in which BGAs with diameters up to 2 mm are formed by copper mold casting. Effects of additional Mo and Si elements on the thermal stability of the supercooled liquid as well as the relation between crystallization behavior and GFA are also discussed.
Experimental Procedure
Multicomponent alloy ingots with compositions of Fe 77Àx Mo x Ga 3 P 10 C 4 B 4 Si 2 were prepared by induction melting the mixtures of pure Fe, Mo and Ga metals, Si metalloid, pre-alloyed Fe-P, Fe-C ingots, and pure B crystal in a purified argon atmosphere. Their compositions are nominally expressed in atomic percentage. From the master alloy ingots, glassy alloy ribbons with a cross section of 0:02 Â 1 mm 2 were prepared by melt-spinning. Cylindrical rods with diameters up to 3 mm and a length of 40 mm were prepared by copper mold casting in an argon atmosphere. The glassy structure was identified by X-ray diffraction (XRD) with Cu K radiation and the absence of micrometer scale crystalline phase was examined by optical microscopy. Thermal stability associated with T g , T x , and ÁT x was examined by differential scanning calorimetry (DSC) at a heating rate of 0.67 K/s. Melting (T m ) and liquidus (T l ) temperatures were measured by heating and cooling the alloy samples with a differential thermal analyzer (DTA). To reduce the influence of undercooling, DTA measurement was performed at a very low cooling rate of 0.067 K/s. Magnetic properties of I s , coercive force (H c ) and effective perme-ability ( e ) at 1 kHz were measured with a vibrating sample magnetometer (VSM) under an applied field of 400 kA/m, a B-H loop tracer under a field of 800 A/m and an impedance analyzer under a field of 1 A/m, respectively. Figure 1 shows DSC curves of the melt-spun Fe 77Àx -Mo x Ga 3 P 10 C 4 B 4 Si 2 (x ¼ 1, 2, 4, and 6) glassy alloys. It is seen that all the alloys exhibit glass transition, followed by a supercooled liquid region and then crystallization. The ÁT x increases from 44 to 60 K as the Mo content increases from 1 to 2 at%, which is larger than that (33 K) of the Fe 77 Ga 3 -P 12 C 4 B 4 glassy alloy. 5) Thus, the simultaneously adding small amount of Mo and Si elements is effective on the enlarge of the supercooled liquid region. It is also seen that the crystallization takes place through a single exothermic stage for the Fe 75 Mo 2 Ga 3 P 10 C 4 B 4 Si 2 glassy alloy. The further increase in Mo content resulted in a three-stage crystallization, accompanying a decrease in the ÁT x . This means that the precipitation of the crystalline phases for the Fe 75 Mo 2 Ga 3 P 10 C 4 B 4 Si 2 glassy alloy is more difficult, and therefore its spuercooled liquid is more stable than those of the other glassy alloys. In addition, the internal equilibrium state in which the disordered structure can be fully relaxed during continuous heating at the rate of 0.67 K/s is maintained in the temperature interval of 25 K before crystallization for the Fe 75 Mo 2 Ga 3 P 10 C 4 B 4 Si 2 glassy alloy. The stable supercooled liquid with high internal equilibrium state is very important for utilizing the viscous flowability in the supercooled liquid state at the powder sintering process. 13, 14, 17) The heating and cooling behaviors were investigated by DTA. Figure 2 shows DTA curves of the Fe 77Àx Mo xGa 3 P 10 C 4 B 4 Si 2 (x ¼ 1, 2, 4, and 6) alloys. It is seen that all alloys exhibit only one endothermic peak in the heating curves. This means that this glassy alloy system is located near a eutectic point. Furthermore, from the cooling curves measured at a very low cooling rate, it is clearly seen that the Fe 75 Mo 2 Ga 3 P 10 C 4 B 4 Si 2 alloy exhibits the lowest T l accompanying only two exothermic peaks, while the other glassy alloys exhibit higher T l accompanying more than two exothermic peaks. In addition, the 2 at%Mo alloy with the lowest T l exhibits the very sharp exothermic peak and has a high reduced glass transition temperature (T g =T l ) of 0.6. It is therefore considered that the Fe 75 Mo 2 Ga 3 P 10 C 4 B 4 Si 2 alloy lies in the vicinity of eutectic point. These results obtained from the DSC and DTA measurements suggest that the Fe 75 Mo 2 Ga 3 P 10 C 4 B 4 Si 2 alloy has higher GFA. 18) The magnetic properties were also investigated. Figure 3 shows hysteresis I-H loops of the melt-spun Fe 77Àx Mo xGa 3 P 10 C 4 B 4 Si 2 (x ¼ 1, 2, 4, and 6) glassy alloys. The I s is 1.36 and 1.27 T for the 1 and 2 at%Mo glassy alloys, respectively, and decreases with increasing Mo content. The H c measured with a B-H loop tracer keeps a low value of about 5 A/m, being nearly constant in this glassy alloy system. In addition to the large ÁT x and high T g =T l as shown in Figs. 1 and 2 , the Fe 75 Mo 2 Ga 3 P 10 C 4 B 4 Si 2 glassy alloy also exhibits high I s of 1.27 T and good soft magnetic Figure 4 shows XRD pattern of the cast Fe 75 Mo 2 Ga 3 P 10 -C 4 B 4 Si 2 rod with a diameter of 2 mm, together with the XRD pattern of the melt-spun glassy alloy ribbon. Only a broad peak is seen around a diffraction angle of 44 degrees for both the bulk sample, indicating the formation of a glassy phase. We have also confirmed the formation of BGA without micrometer scale crystalline phase by optical microscopy. The thermal stability of the BGA was also examined by DSC. Figure 5 shows DSC curve of the cast Fe 75 Mo 2 -Ga 3 P 10 C 4 B 4 Si 2 rod with a diameter of 2 mm. The DSC curve of the melt-spun glassy alloy ribbon is also shown for comparison. No appreciable difference in ÁT x and crystallization process is recognized between the melt-spun ribbon and rod, which also indicates the formation of the glassy phase, although T g and T x of the BGAs shifted slightly to high temperature because of the different ingots for preparing ribbon and bulk samples.
Results

Discussion
As described above, the simultaneous addition of 2 at%Mo and 2 at%Si for the Fe 77 Ga 3 P 12 C 4 B 4 glassy alloy leads to the significant extension of the supercooled liquid region as well as the significant increase of the glass-forming ability. According to Fig. 1 , it is clear that the extension in ÁT x is attributed to the retardation of crystallization. To exhaust the reason why the crystallization was suppressed for the Fe 75 Mo 2 Ga 3 P 10 C 4 B 4 Si 2 glassy alloy, the crystallization behavior was investigated. Figure 6 shows XRD patterns of the Fe 75 Mo 2 Ga 3 P 10 C 4 B 4 Si 2 glassy alloy subjected to annealing for 600 s at the temperatures of 760 and 830 K, corresponding to the temperatures just below and above the exothermic peak in its DSC curve. The XRD pattern of the as-cast bulk alloy with a glassy structure is also shown for comparison. As shown in Fig. 6 , the XRD patterns of the sample annealed at 760 K are identified as a single facecentered cubic (Fe,Mo) 23 (C,B) 6 phase with a lattice parameter larger than 1 nm including 96 atoms, 19) and as mixed -(Fe,Mo), (Fe,Mo) 3 B, (Fe,Mo) 3 C, (Fe,Mo)C and (Fe,Mo) 3 P phases for the sample annealed at 830 K. Therefore, it is concluded that the primary precipitation phase of (Fe,Mo) 23 (C,B) 6 is in a metastable state, being consistent with the results obtained from Fe-B-Si-based BGAs. 10) Consequently, it is considered that this Fe-P-C-based BGAs Bulk Glassy Fe-Mo-Ga-P-C-B-Si Alloys with High Glass-Forming Ability and Good Soft Magnetic Properties 2775 also behave a unique network-like structure, which leads to the high stability of the supercooled liquid against crystallization. 20) In this study, by a small amount of additions of Mo and Si elements, the network-like structure may become much stronger because of the mixing enthalpies with large negative values between Si and Fe or Mo elements, 21) as well as the large atomic size difference between Mo and B or C elements, 22) resulting in the increase of ÁT x .
18)
Summary
With the aim of searching a new Fe-based glassy alloy with large ÁT x , large GFA and high I s , we examined the effects of Mo and Si additions on the ÁT x , T g =T l , I s and H c for the Fe 77Àx Mo x Ga 3 P 10 C 4 B 4 Si 2 glassy alloys. The results obtained are summarized as follows.
(1) The ÁT x and T g =T l were increased by simultaneously adding 2 at%Mo and 2 at%Si. , and low coercive force of 5 A/m. The combination of large supercooled liquid region and glass-forming ability as well as high saturation magnetization and good soft magnetic properties allows us to expect that the new Fe-based bulk glassy alloy finds application fields as new a functional material.
